Plasmodium actins form very short filaments and have a non-canonical link between ATP 13 hydrolysis and polymerization. Long filaments are detrimental to the parasites, but the structural 14 factors constraining Plasmodium microfilament lengths are currently unknown. Using high- 15 resolution crystallography, we show that magnesium binding activates the Plasmodium actin I 16 monomer before polymerization by a slight flattening, which is reversed upon phosphate release. A 17 coordinated potassium ion resides in the active site during hydrolysis and leaves together with the 18 phosphate, a process governed by the position of the Arg178/Asp180-containing A-loop. Asp180 19 interacts with either Lys270 or His74, depending on protonation, while Arg178 links the inner and 20 outer domains. Hence, the A-loop is a switch between stable and non-stable filament conformations. 21 Our data provide a comprehensive model for polymerization, phosphate release, and the inherent 22 instability of parasite microfilaments. 23 42 close to that of mammalian α-actin and a very similar elongation rate 12 . Under ADP-rich 43 conditions, PfActI forms oligomers of 3-12 subunits, while forming larger polymeric species in 44 polymerizing conditions, together with a significant pool of dimers 8,12 . 45 Structurally, the PfActI monomer resembles canonical actins 8 (Fig. 1a) . The largest structural 46 differences are at the pointed end, namely subdomain (SD) 2 (containing the DNaseI-binding D-47 loop) and parts of SD4, which both connect to SD3 of the next longitudinal protomer in the 48 filament. The D-loop and the C terminus are both important functional factors but are disordered in 49 the crystal structure of PfActI, reflecting their flexibility 8 . In jasplakinolide-stabilized PfActI 50 filaments, the D-loop is in a clearly altered conformation compared to α-actin filaments 9 . Yet, the 51 main hydrophobic interactions are conserved, and the amino acid substitutions are primarily located 52 4
3 Actin is the constituent protein of microfilaments with essential roles in central processes in the cell, 24 including transport, cell division, and motility 1-3 . The primary biological activity of actin is its 25 polymerization to form filaments that can generate force at cell membranes or act as scaffolding 26 structures or tracks for motor proteins 4 . These filaments are on a timer, based on the hydrolysis of 27 tightly-bound ATP, formation of the stable intermediate ADP-P i -actin, and finally, the release of 28 inorganic phosphate (P i ) 5 . In model actins, the coupling of nucleotide hydrolysis to filament 29 stability is well established. In general, ADP-actin depolymerizes much faster than ATP or ADP-P i 30 actin and is therefore the main depolymerizing species 6 . Although ADP-actin can polymerize, its 31 critical concentration is much higher than that of ATP-actin 6 , which leads to domination of ATP-32 actin in polymerization kinetics. Outliers of this functional consensus are actins of the phylum 33 Apicomplexa, including Plasmodium spp. and Toxoplasma gondii -both notorious human 34 pathogens. Actins of these parasites are among the most evolutionarily divergent eukaryotic actins, 35 while still retaining most of the core features of canonical actins 7-10 . The primary actin of P. 36 falciparum and the only one of T. gondii are the best understood of the phylum, while others remain 37 virtually uncharacterized. 38 In vitro, apicomplexan actins tend to form only short filaments of ~100 nm without the filament- 39 stabilizing macrolide jasplakinolide 7-9,11 . T. gondii actin (TgAct) has been proposed to follow an 40 isodesmic polymerization mechanism 10 , which would differ fundamentally from the classical 41 nucleation-elongation pathway. However, P. falciparum actin I (PfActI) has a critical concentration 5 Supplementary Fig. 1) . This was true also for higher concentrations of PfActI but not for PbActII 82 (Table 2) . At higher concentrations, P i release from PfActI was instantaneous, while it had a lag 83 phase in PbActII and α-actin ( Supplementary Fig. 1) . These data suggest that nucleotide 84 hydrolysis and P i release are decoupled from polymerization in PfActI. 85 86 Gelsolin-bound PfActI undergoes slow ATP hydrolysis but fast phosphate release in crystallo 87 Since the major activation of P i release from PfActI is caused by Mg 2+ , we decided to study the 88 process in detail by analyzing crystal structures of monomeric PfActI and PbActII in the Mg state 89 and compare those to the published high-resolution structures of the Ca states 8 . The crystals 90 diffracted to high resolution (1.2-1.85 Å, Supplementary Tables 2 and 3) , enabling a detailed 91 structural analysis. To our surprise, PfActI crystals showed a mixture of ATP and ADP in the active 92 site ( Fig. 1, Supplementary Fig. 2, and Supplementary Text) . Only after aging the crystals for 93 several months, we could obtain data explained by an ADP-only model (Fig. 1d) . Despite the mixed 94 nucleotide state, we were unable to locate free P i anywhere within the structure, even after soaking 95 the aged crystals in P i . Contrary to PfActI, Mg-PbActII crystals contained only ADP just two weeks 96 after crystallization, despite showing a slightly lower P i release rate in solution than PfActI 97 ( Supplementary Fig. 1 and Table 2 ). Thus, the effects of gelsolin and/or the crystalline 98 environment apparently slow down the hydrolysis but not the P i release rate of PfActI. The 99 combination of high resolution and slow hydrolysis provides a convenient window to visualize the 100 structural changes upon activation of P i release and polymerization. 101 102 ATP hydrolysis in PfActI proceeds through opening and twisting of the monomer 103 The overall structures of the different nucleotide states of PfActI appear very similar, but principal 104 component analysis (PCA) with a set of 147 unique actin structures identifies two conformational 105 shifts during the reaction pathway ( Fig. 2, Supplementary Movie 1) : (i) opening of the nucleotide 106 binding cleft and (ii) slight flattening upon inclusion of Mg 2+ , followed by twisting of the monomer 107 upon completion of hydrolysis. A dataset comprising only Plasmodium actins shows a similar trend 108 ( Fig. 2c-d) , although PC2 in this dataset depicts a change in SD2 and not so much in SD1, as in the 109 full dataset (Supplementary Movie 1) . The twist angles of the mass centers of the subdomains (θ) 110 6 were used as an independent measure and showed angles of 19.0°, 17.9°, and 20.0° for Ca-ATP, 111 Mg-ATP/ADP, and Mg-ADP structures, respectively ( Supplementary Table 4 Fig. 3) . A comparable dataset of Dictyostelium discoideum actins is characterized PfActI binds potassium during ATP hydrolysis 120 In the mixed ATP/ADP structure of PfActI, we identified K + with a final refined occupancy of 0.7, 121 which is close to the occupancy of ATP (0.8), between the side chain of Asp155, the backbone N of 122 Gly157, and the backbone O of Val160 ( Fig. 1c and Supplementary Text) . The active site of actin 123 is highly conserved, including the residues coordinating this K + . Yet, there is no evidence of K + or 124 any other ions at this site in published actin structures, other than the Cd-ATP-PfActI structure 21 , 125 where Cd was refined at this site. However, this site corresponds to one of the K + -binding sites in 126 the homologous Hsc70 nucleotide-binding domain 22 . The Mg-ADP structure does not contain 127 excess electron density or anomalous difference density at this site ( Fig. 1d) , despite showing 128 anomalous difference density for the Pα and Pβ atoms of ADP. This suggests that K + leaves the 129 active site upon P i release. Since K + does not activate P i release from PfActI (Tables 1 and 2), this 7 release. The conformation of the corresponding Ser15 in PfActI moves from the ATP-state 8 through 140 a double conformation with occupancies 0.8/0.2 in the ATP/ADP-state to a complete ADP-141 conformation ( Fig. 1b-d) . This conformational switch is further propagated to the flipping of the 142 peptide bond between Glu73 and His74 ( Supplementary Fig. 4 ), as seen also in PbActII and the 143 uncomplexed ATP and ADP structures of several actin structures 20,23,25 .
144
Asp180 is located in a short loop following β14 ( Supplementary Fig. 5 ), sandwiched between 145 the H-loop and the plug residues, including Lys270 ( Figs. 1a and 3) . This loop, which we 146 subsequently call the A-loop, serves as a linker between SD3 and SD4. In the Ca-ATP structure, the 147 A-loop resides close to the H-loop ( Fig. 3a) . Asp180 is in two conformations: either interacting 148 with the Nδ of His74 (3.2 Å, conformation 1a) or oriented towards Arg178 (conformation 1b). In 149 the Mg-ATP/ADP structure, the backbone of the A-loop has a second conformation (conformation 150 2a) with an occupancy of 0.4 ( Fig. 3c) . In the Mg-ADP structure, only conformations 1b and 2a are 151 present at equal occupancies. B-factors match the environment in both Mg structures 152 ( Supplementary Fig. 6) , and the occupancies are in agreement with the estimated protonation state 153 (55%, see Supplementary Text) of the histidine side chain. In conformation 2a, Asp180 forms a 154 salt bridge with Lys270. In conformation 1a, Asp180 moves to form a salt bridge with His74. Thus, 155 the A-loop is engaged in a ping-pong movement between the two positive charges. Conformation 156 1b is analogous to the position of the side chain in the jasplakinolide-stabilized PfActI filament 157 model ( Fig. 3g ) and in many canonical actin filament models 9,28-30 . 158 Most model actins, except for that of Saccharomyces cerevisiae, presumably have a methylated 159 His74 (PfActI numbering) in the H-loop 31 , although this is not evident from the majority of 160 structures in the PDB. Our crystal structures are of sufficiently high resolution to verify the 161 previous observations that in native or recombinant PfActI, His74 is not methylated 11,12 . Curiously, 162 recombinant PbActII expressed and purified similarly is methylated at this position 163 ( Supplementary Fig. 2) . In actins with a methylated histidine at this site, Nδ is mostly protonated 164 and free to interact with the carbonyl of Gly159 (PfActI numbering), which together with Val160 is 165 involved in coordinating the active site K + (Fig. 1c) . As protonated histidines act as cations in 166 electrostatic interactions and as π-systems in cation-π interactions, protonation constitutes a credible 167 interaction switch between His74 + /Asp180and His74/Arg178 + , particularly for a non-methylated Measurements of θ, d 2-4 and b 2 support these findings ( Supplementary Table 3 ). However, the 184 largest changes appear in SD2, which has high B-factors and relatively weak electron density 185 ( Supplementary Fig. 9 ). The active site configurations in the Ca states are similar between PfActI 186 and PbActII (Fig. 1b, e ). However, in the presence of Mg 2+ , the His161 side chain adopts a 187 different conformation in PbActII than that seen in any of the structures of PfActI and most other 188 gelsolin-bound structure in the PDB (Fig. 1f) . The exception to this is the D. discoideum actin 189 structure in the presence of Li-ATP (1NMD), where a similar conformation was proposed to be 190 more amenable to hydrolytic activity 34 . However, the side chain is rotated 180° about the Cβ-Cγ There is no evidence of conformations 1a or 2a in the PbActII Mg-ADP structure ( Fig. 3h-i) . 196 This can be rationalized as follows: (i) methylation of His73 ensures that it is mostly protonated and 197 9 therefore repels Arg177, (ii) Gly115 of PfActI is threonine in PbActII, and the G115A mutant also 198 lacks conformation 2a (see below), and (iii) Ala272 of PfActI is cysteine in PbActII, which may 199 sterically block the backbone position of conformation 2a. The fact that the alternative 200 conformations of the A-loop have not been built in the majority of actin structures does not 201 unambiguously prove that they would not exist, and indeed in several cases, this loop has high B-202 factors. However, based on available data, we expect that a stable conformation 2a may be unique 203 to PfActI, and that PbActII resembles canonical actins in this respect.
205
Canonical-type K270M mutation in PfActI hyperactivates phosphate release and stabilizes 206 filaments 207 We proposed earlier that differences in the plug region and especially Lys270 (corresponding to 208 Met269 in α-actin) are among the determining factors for PfActI filament instability 9 . As Asp180 209 interacts with Lys270 directly, we generated a canonical-type K270M mutant. Indeed, this mutant 210 formed many more long filaments in the absence of jasplakinolide than wild-type PfActI 211 ( Supplementary Fig. 9 ). Curiously, considering this stabilizing effect, the K270M mutation caused 212 hyperactivation of the P i release rate by Mg 2+ . This activation effect was manifested by a reduction 213 of the rate in Ca conditions to α-actin levels and a moderate increase in Mg. Furthermore, in 214 contrast to the wild type, K270M was no longer insensitive to K + ( Table 1) and also showed a lag 215 phase at high concentration ( Supplementary Fig. 10a ), thus behaving essentially as α-actin but 216 with a faster rate in Mg and MgK conditions. As this mutation should make conformation 2a less 217 favorable by disrupting the interaction with Asp180, these results can be taken as indication that 218 conformation 2a is counterproductive to P i release. 219 220
Mutations affecting the conformational space of the A-loop affect phosphate release in PfActI 221
As the A-loop moves into conformation 2a to interact with Lys270, it fills a space otherwise 222 occupied by water molecules. On the opposite side, Ala272 points towards the A-loop ( Fig. 3a-g) . 223 This alanine is conserved in TgAct and in nearly all alveolates, but is replaced by serine in most 224 model actins and by cysteine in PbActII or asparagine in Arabidopsis thaliana ACT1 225 ( Supplementary Fig. 5 ). We reasoned that if the disappearance of the positive charge by the 226 10 K270M mutation changed the P i release dramatically, P i release might be directly related to the 227 conformation of the A-loop. Thus, large side chains at position 272 that affect the movement of the 228 A-loop should also modulate the P i release rate. We therefore prepared A272C and A272W mutants 229 -the first to provide a side chain of moderate size, also mimicking PbActII, and the second to block 230 the movement of the loop completely, both presumably favoring conformation 1a/b. The A272C 231 mutant caused a moderate 5.1-fold activation upon Mg 2+ binding, while the A272W mutant showed 232 a large 18.9-fold activation and the largest observed rate (9.78±0.06 × 10 -4 s -1 ) in Mg conditions 233 ( Table 1) . 234 The A272W structure in MgK conditions resembles overall the mixed structure (RMSD(Cα) = 235 0.269) more than the Mg-ADP structure (RMSD(Cα) = 0.410) and is positioned close to the Ca-236 ATP structure in the PCA analysis. The A-loop is forced into conformation 1b by the Trp272 side 237 chain ( Fig. 3e) . Glu73 is in a double conformation, one similar to the Mg-ADP structure and 238 another to that of the Mg-ATP/ADP structure ( Fig. 3e, Supplementary Fig. 4 ). In addition to Table 2 ). 244 To generate a mutant that would favor conformation 2a of the A-loop, we further prepared a 245 neutralizing H74Q mutant, which negates the charge on the histidine side chain, forcing an 246 unfavorable interaction of the glutamine with Asp180. This mutant was severely compromised in 247 terms of P i release, with α-actin levels of P i release in the Ca state (0.27±0.03 × 10 -4 s -1 ) and no 248 activation by either Mg 2+ or K + or by using a higher protein concentration ( Table 1) . In this mutant 249 (MgK conditions), the Asp180 side chain is oriented away from Gln74, which interacts with 250 Arg178 (Fig. 3f) . However, the backbone of the loop did not adopt conformation 2a, and we 251 therefore call this conformation 2b, since the carboxylic acid group of the Asp180 side chain 252 occupies the same space as that in conformation 2a, preserving the interaction with Lys270 ( Fig.   253 3f). 256 Interactions across the interdomain cleft mediate twist angle stability and the openness of actin 36 . 257 Upon ATP hydrolysis in PfActI, Glu73 in the H-loop undergoes a conformational shift, whereby 258 the backbone is flipped and the sidechain orients towards the ID and interacts with Arg184 ( Fig.   259 4b-d, Supplementary Fig. 4 ). This conformational shift happens also in PbActII (Fig. 4h-i ) and in 260 several canonical actin structures 20,23,25 . In Ca-ATP-PfActI, Arg184 is engaged in a cation-π 261 interaction with Tyr70. This interaction is preserved in the mixed structure, but is dissipated in the 262 pure Mg-ADP state ( Fig. 4b-d ), after an interaction transfer of Arg184 from Tyr70 to the flipped 263 backbone carbonyl of Glu73. In F-PfActI, the interaction between Arg184 and Glu73 is enhanced 264 by a hydrogen bond between Arg184 and the Ile72 carbonyl. In the PfActI H74Q and A272W 265 mutants, the conformations in this area resemble those of the Ca-ATP (in H74Q) and Mg-ADP (in 266 A272W) states ( Fig. 4f-g, Supplementary Fig. 4 ). structures. However, in the filament, the tip of the D-loop of PfActI differs from canonical actins 9 . 274 We therefore measured P i release rates for the mutants F54Y 8 , P42Q, E49G, and the double mutant 275 P42Q/E49G of PfActI. P42Q and E49G showed opposite effects in Mg 2+ activation with P42Q 276 reducing and E49G increasing it, but both were similarly insensitive to K + (Table 1) in the Ca state and shows a compounded negative effect that is not shown by either of the mutations 282 alone.
Arg184 interactions with the H-loop in subdomain 2
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At high concentration (10 µM), the F54Y mutation reduces the rate of hydrolysis in the Ca state 284 to α-actin levels 8 . Here, we measured the rates at a concentration of 1 µM. The Mg 2+ and K + -285 activation levels of F54Y were similar to wild type, but the absolute rates were approximately 286 doubled ( Table 1 ). In the Ca condition, the F54Y mutant behaves similarly to P42Q ( Table 2) , 287 while the rates in the Mg and MgK conditions were most similar to the E49G mutant. Thus, these Supplementary Fig. 5 ). Nearby, Pro110 interacts with Arg178 in conformation 1b and the 296 backbone flexibility conveyed by Gly115 could control the positioning of this interaction. We 297 previously generated a mutant G115A that did not rescue long filament formation in the absence of 298 jasplakinolide but showed slightly longer filaments than wild type in its presence 8 . We crystallized 299 the mutant using the same conditions as the wild-type PfActI with either Ca 2+ or Mg 2+ to compare 300 these structures. Unlike the wild-type ( Fig. 5a) , the C terminus of G115A is more ordered, with 301 interpretable electron density up to Cys375 in the Ca 2+ and up to His372 in the Mg 2+ structure (Fig.   302 5b-c). In contrast, all other structures of PfActI with the exception of H74Q and the PbActI-α-actin 303 D-loop chimera 8 have a disordered C terminus after Ser366. 304 The G115A mutation straightens α3 and moves the P-loop slightly away from the C terminus. 305 This in turn favors a cation-π interaction between Lys114 and His372 (3.7 Å) and a hydrogen bond 306 between Glu118 and His372 (2.8 Å). In wild type, the position of Lys114 does not allow both 307 interactions to take place simultaneously, which is the likely reason for the disordered C terminus 308 ( Fig. 5a) . In filaments, this interaction is preserved with corresponding distances of 3.1 Å (Lys114-309 His372) and 3.0 Å (Glu118-His372) ( Fig. 5e) . PbActII, which has an ordered C terminus in both Ca structure. G115A has only slightly decreased P i release rates in Mg and MgK conditions ( Table 1) . twist of a G-actin structure remains to be confirmed. It should also be noted that the response of 343 PfActI to ADP differs from canonical actins 8 . 344 A structural homolog of actin, Hsc70, has a conserved K + binding site at the same location as 345 PfActI 22 . The activity of Hsc70 decreases slightly in the presence of ammonium 40 , which is in line 346 with our previous finding that CH 3 COONH 4 is able to "protect" PfActI from oligomerization, 347 which in turn is dependent on ATP hydrolysis 8,12 . However, since PfActI did not respond to K + in P i 348 release assays, the exact role of the active site K + in P i release remains to be investigated. The 349 positive charge on the K + may play a role in orientation of the γ-phosphate or the catalytic water or 350 charge complementation of its conjugate base OHin the reaction pathway, as has been suggested 351 for Hsc70 41 . Unlike Hsc70 however, the presence of K + is not mandatory for hydrolysis in PfActI. 352 Yet, its presence may challenge previous hydrolysis mechanisms proposed based on 353 simulations 42, 43 . 354 The interplay between the H-loop, the A-loop and the plug is complex, but our data provide 355 important insights into how the movement of this triad connects to the mechanism of P i release and 356 polymerization. P i release is strongly influenced by the conformational distribution of the A-loop 357 into the two configurations 1a/b and 2a/b as we show by P i release measurements (Tables 1 and 2) 358 and structures (Fig. 2) . Conformation 2b is counterproductive to P i release, while elimination of 2a Supplementary Fig. 8) . In (i), the interaction of Arg184 via a cation-π interaction to Tyr70 is 375 supplemented by an ionic bond with Glu73 in the Mg-ATP/ADP structure, followed by pulling of 376 the Glu73 towards SD2 and a consequent hydrogen bond to the backbone of Ile72 in the F state. 377 Yet, while the polymerization rate of the β-actin R183W mutant was significantly decreased 36 , the that is likely one of the major components of filament instability in PfActI. As P i release of E49G is 391 activated by Mg 2+ 2.2-fold more than wild type, while the activation of P42Q/E49G and P42Q is 392 equal or less, respectively, one can conclude that these mutations are complementary to each other 393 and that conformational restrictions of the D-loop and P i release rates are reciprocally connected. 394 Like K270M, the mutation P42Q is lethal in vivo 44 . Additionally, the effects of the F54Y mutation 395 on overall rates (but not the activation) show that this mutation has a role beyond post-translational 396 modifications. Interestingly, structural information on P i release seems to be "erased" from α-actin 397 filaments by jasplakinolide, which is attributed to the D-loop conformation 30 . The success in 398 16 preparing PfActI filaments for cryo-EM by adding jasplakinolide into filaments after polymerizing 399 to equilibrium 9 shows that the direct binding effects of jasplakinolide can overcome the effects of 400 the constantly closed conformation of the D-loop. 401 Apicomplexan microfilaments are short but display a relatively normal critical concentration of 402 polymerization, which means that the filament length distribution must result from the 403 overabundance of nucleation, fragmentation, or both. Since the lag phase is very short 12 , increased 404 nucleation likely contributes. However, we believe fragmentation is also important. The K270M 405 mutant forms long helical filaments, releases phosphate quantitatively faster and qualitatively 406 similar to α-actin, and importantly, disfavors conformation 2a of the A-loop. This conformation is 407 not seen in the filament model, likely because jasplakinolide binds both Arg178 and Asp180, fixing 408 them in a stable conformation. In its absence, the filament structure would permit this conformation. 409 Based on our observations, we propose a model for PfActI fragmentation (Fig. 6 ). In this model, 410 conformation 2a in the naked PfActI filament severs the contact between the ID and OD, leading to 411 destabilization of the monomer twist and filament contacts, eventually causing a break in the 412 filament. The model provides an alternative, perhaps complementary explanation to the electrostatic 413 effects we presented based on the filament model 9 and would explain the increased pelleting of 414 native PfActI at low pH 7 . There are no known actin-binding proteins that can directly affect this 415 region of the filament, suggesting that this mechanism could be a major intrinsic determinant of 416 filament lengths in vivo. Importantly, while less favorable due to increased protonation of the 417 methylated His73, the lack of attraction between Asp179 and Met269 and the apparent absence of 418 conformation 2a caused by the G115A substitution, the proposed mechanism could work also in 419 canonical actins. As crystal structures represent low-energy states, it is possible that fragmentation 420 in canonical actins proceeds through the same mechanism, simply less frequently. PfActI mutants were generated by site-directed mutagenesis as described for F54Y and G115A 8 . 425 Mutants A272W, A272C, H74Q, P42Q, E49G, and P42Q/E49G were prepared using similar 426 methods as before, with different primers. All mutants were confirmed by capillary sequencing at In the presence of Mg and in MgK, α-actin displays an initial lag phase, followed by an 456 exponential P i release curve which, at high concentrations, plateaus close to the upper limit of the 457 linear range of the system (Supplementary Fig. 1) . We therefore decided to consider only the first 458 two phases for our analyses. We further calculated the activation of P i release by Mg 2+ and by K + by 459 dividing the Mg rate by the Ca rate in the former and the MgK rate by the Mg rate in the latter. 460 These ratios are a sensitive measure for comparing actins to one another, since they are insensitive 461 to changes in residual nucleotide contamination in the samples. These contaminants are of the order 462 of <10% of the 50 µM ATP added to each reaction. Since the total nucleotide concentration is in a 463 >50-fold excess over the nM-range dissociation constant of ATP to actin 55 , we assume that in the 464 assay, actin is saturated and not affected by small fluctuations in the nucleotide concentration. Protein crystallization 476 PfActI-G1 and PbActII-G1 complexes in the Mg state were prepared essentially as described 21 , 477 with the exception that CdCl 2 was replaced by 1 mM MgCl 2 . In some cases, crystals were grown by 478 streak seeding as described 21 , and in others, crystals were obtained directly from optimization 479 screens without seeding. Cryoprotection was achieved by soaking for 5-30 s using the same 480 condition as for the crystallization with a higher precipitant concentration (PEG3350, 22-28%) and 481 PEG400 at 10-20% as the cryoprotectant. Protein buffer components were also included in the 482 cryosolutions at concentrations of 1 mM MgCl 2 , 0.5 mM ADP, and 0.5 mM TCEP for the Mg 483 conditions and 0.2 mM CaCl 2 , 0.5 mM ATP, and 0.5 mM TCEP for the Ca conditions. The pH of 484 19 the crystallization reservoir buffer (0.1 M Bis-Tris) varied from 5.8 to 6.5. Mg-ADP-PfActI-G1 485 crystals were cryoprotected in a solution containing 50 mM potassium phosphate. Mg-ADP-AlF n - 486 PfActI-G1 crystals were prepared by adding a solution of 20% PEG3350, 0.1 M Bis-Tris pH 6.0, 487 0.2 M KSCN, and 1 mM AlF n solution directly into the drops and incubated for a few minutes 488 before cryoprotection with a solution as described above. The AlF n solution consisted of pre-mixed 489 AlCl 3 and NaF in a 1:4 molar ratio. The minimum time between data collection from a crystal 490 yielding structures with ATP/ADP mixtures and ADP-only was 6 months for Mg-PfActI-F54Y 491 crystals, while the time from crystallization to data collection from Mg-PbActII was only 2 weeks. There are two main structural rearrangements recognized in actin: the twistedness of the two main 508 domains (SD1-2 and SD3-4) along an axis that pierces SD1 and SD3 at their respective centers and 509 the openness of the nucleotide binding cleft as a rotation around an axis perpendicular to the twist 510 axis and to the plane of the F-actin monomer. We analyzed 147 unique actin structures found in the 511 protein data bank (PDB) using BIO3D 61 at resolution ≤ 4Å together with the structures reported 512 here, and found that these movements are captured well by principal component analysis (PCA) in 513 20 PC1 (twistedness) and PC2 (openness) that contain 78% of total variance (Supplementary Movie 514 1). All actin chains were aligned on a common core before PCA analysis. In a plot of PC1 vs. PC2 515 ( Fig. 5a-b) , most actin structures cluster at the center of the plot. This large cluster contains all 516 structures reported in this paper. Several outliers to this large cluster form their own distinct groups. 
